ABSTRACT: This paper presents the results of a field study conducted at three different locations close to the campus of University of Texas at Arlington, Texas. Time Domain Reflectometry (TDR) and Time Domain Transmissivity (TDT) Sensors were installed at depths of 5 cm, 10 cm, 25 cm, 50 cm, and 100 cm below ground level. The soils at the three sites were tested for basic geotechnical properties such as size analysis, specific gravity, density, and hydraulic conductivity. In-situ infiltration tests were also performed to determine filed hydraulic conductivity. The observed moisture data response very well with recorded rainfall event and infiltration were greatly affected by rain intensity and duration.
INTRODUCTION
In the 21 st century, modern cities are commonly facing great challenges related to water, such as flood, drought, water quality, and shortage. To address these challenges, a system of effort is currently undertaken at the University of Texas at Arlington to synergistically integrate cloud computing, crowdsourcing, advanced environmental sensing, computer modeling, data fusion and assimilation, causal inference and decision support to develop a prototype system for advanced sensing, high-resolution modeling and uncertainty-assessed prediction of water quantity and quality for a large urban area. This system is referred as Integrated Sensing and Prediction of Urban Water for sustainable cities, or iSPUW (Seo et al. 2015) . As part of the iSPUW, a long term soil moisture monitoring program has been performed by implement of three soil moisture station at Arlington, TX.
The objective of the soil moisture monitoring program is to evaluate highresolution hydrologic modeling and to resolve the urban water cycle, accurate sensing of soil moisture. In-situ soil moisture measurement has advanced significantly in the last decade. Among the common available electromagnetic sensors on the market, the Time Domain Reflectometry (TDR) and Time Domain Transmission (TDT) moisture sensors are shown to provide reliable measurement (Robinson et al. 2008) . Both TDR and TDT sensors utilize guided electromagnetic waves to measure dielectric constant of soils which is related to soil moisture content. TDT sensors have closed waveguides which aid travel time analysis but lose the capability to measure electrical conductivity. In this study, one TDR and two TDT soil moisture monitoring stations were installed and have been in operation for more than one year. The long term performance of the soil moisture stations was discussed.
STUDY SITES AND SOIL MOISTURE STATIONS
Three locations close to the Johnson Creek near the University of Texas at Arlington (UTA) were chosen for long term soil moisture monitoring, where the groundwater table is expected to be relatively shallow. So the sites are expected to have moisture profile varying from ground surface to water table. The chosen three site locations are denoted as Station 1, Station 2, and Station 3. At Station 1, five Acclima TDT soil moisture sensors were installed at various depths in the ground close to the Creek near the Civil Engineering Laboratory Building area of the University. At Station 2, similar to station 1 five Acclima TDT soil moisture sensors were installed at various depths in the ground close to the Creek near the Cemetery area of the University. At Station 3, five Campbell Scientific TDR sensors were installed at various depths close to the Creek near the parking area of the University. All these sensors were installed at depths of 5 cm, 10 cm, 25 cm, 50 cm and 1 m below the ground level. After the soil was compacted, ground surface was covered with law grass. At Station 3, the soil at 1 m depth was near water table and close to be saturated.
Site Characterization
Basic geotechnical soil tests were performed to character soil size and flow properties. The particle size distribution is one of the important parameters that play a major role in determining the infiltration process through the soil. The sieve analysis was conducted to assess the particle size distribution of soil, followed by the test of Atterberg limits (Plastic Limit, Liquid Limit and Shrinkage Limit) that measure the critical water content of a fine-grained soil. The specific gravity and hydrometer tests were performed to determine the fines content in the soil. Based on the laboratory test results, the soil was classified for the three site locations. All the laboratory tests for the classification of soil were performed in accordance with the ASTM Standards. The soil at Station 1 was classified as the Clayey Sand-Silty Sand based on the Unified Soil Classification System. Similarly, soils for Station 2 and Station 3 were classified as the Clayey Sand. Tables 1 and 2 summarize the soil parameters for the three site locations.
Based on these field conditions, the sensors installed were set to collect moisture and temperature readings at a frequency of every 5 minutes or one hour. The sampling frequency was manually changed to 5 minutes in the event of a rain. 
SEASONAL SOIL MOISTURE RESULTS
The sensors at the 3 site locations were monitored since the sensor was installed in August 2015. The obtained moisture data were plotted along with rainfall data in Figure 1 -3. The soils remain its initial moisture before the first rain event after installation. After the first rain, the soils in the installation pit were consolidated. After the first rain, the soil moisture at all sites show similar drying and wetting cycles in response to similar rain events of similar intervals. The observed moisture data match the rail fall event well. The soil moisture at different depths increase when there is a rain event. Soil moisture decreases when there is no rain. It is also observed that light rain with short duration only affect soil moisture at shallow surface. It is evident that soil moisture only move to curtain depth due to inadequate inflow. It is also shown that the soil moisture at 1 m below ground surface at station 3 was stable at high values. This depth was close or below ground water table and the soil was saturated. This site is about 2 m away to the water in the creek. More detailed analysis will be performed to evaluate soil moisture infiltration rate. 
Field and Lab Experiments
Field sand cone test was performed about one month after sensor installation at the three site locations to determine the in-situ field density and moisture content in the soil to compare with those obtained from the TDR and TDT sensors. The dielectric constant readings from the TDR sensors were converted to the volumetric water content using Topp's empirical formula (Topp et al. 1980) . For the TDT sensors, the readings obtained were already in volumetric water content scale and therefore, no conversion was made. For the validation of the TDT and TDR sensor readings, soil samples were collected by hand augers at three different depths (i.e. at 5 cm, 10 cm and 25 cm) at the three site locations. The reason for taking samples at the upper three depths for validation was due to the observed larger variability in moisture content over a period of time during the monitoring. The field samples were properly sealed immediately after being retrieved to avoid any loss of moisture. The moisture content for the field samples were measured in the laboratory in accordance with the ASTM standard. The insitu density obtained from the sand cone test was used for conversion of gravimetric water content determined in the laboratory to volumetric water content scale, in order to compare with the moisture content obtained in the same scale from TDR and TDT sensor locations.
The results are in a good agreement with the field measurements with an allowance variation of + 2 % or -2% due to the errors owing to sampling in the field and disturbance in the waveform evaluation technique of the sensors. Hydraulic Conductivity Test: Hydraulic conductivity tests were performed both at the field and in the lab. Saturated hydraulic conductivity of the soil in the laboratory was tested using the falling head permeameter method. To estimate the in-situ saturated hydraulic conductivity, Turf-Tec Infiltrometer was installed at the three site locations. The infiltrometer was installed at three to five different depths near the TDR and TDT sensors. The Turf-Tech Infiltrometer measured both the saturated hydraulic conductivity and the infiltration rate of soil. 4.95x10
The Philip Equation (or the Infiltration Model) was used to solve for the hydraulic conductivity from the in-situ data measured by the infiltrometers. For cumulative infiltration, the general form of the Philip Infiltration Model is expressed in powers of the square root of time, t, as = 1 2
The Philip Equation is a better way of solving for the transient flow in a porous medium for both vertical and horizontal infiltrations. 
CONCLUSIONS
One TDR and TDT soil moisture monitoring stations were installed and monitored. Each station consisted of 5 moisture sensors at various depths up to 1 m below ground surface. The soils at the sites were tested for soil classification and hydraulic conductivity. The infiltrometer at the field tends to overestimate hydraulic conductivity as compared to lab measurements. The measured soil moisture agreed well with soil moisture measured by oven dry method. TDR and TDT soil moisture sensors perform satisfactorily to capture soil moisture wetting and drying cycles. The measured soil moisture data can greatly improve hydrologic modeling.
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